Crystallization behaviors of Fe 83.3 Si 4 B 12−x P x Cu 0.7 (x = 0-8) nanocrystalline alloys containing precipitated phases corresponding to the compositions and stages, crystallization kinetics, as well as the solute atom distributions after nanocrystallization were studied detailedly. The P containing alloys have higher nanocrystallization activation energy and frequency factor which is benefit to form more uniform microstructure with high density of -Fe(Si) grains. During nanocrystallization, P and B are excluded to the residual amorphous phase, while Si is partitioned in the -Fe(Si) phase. The formation of Fe 3 (B,P) with more complex structure makes the second crystallization require longer range atom rearrangements and results in the enhanced thermal stability of the residual glassy phase against crystallization.
INTRODUCTION
Fe-based amorphous and nanocrystalline soft-magnetic alloys have attracted great interests because of their excellent soft-magnetic properties such as quite low coercivity (H c ), high permeability ( e ) and low core loss, etc., compared with the widely used Si-steel. [1] [2] [3] Therefore, the representative amorphous FeSiB (Metglas) and nanocrystalline FeCuNbSiB (Finemet) soft-magnetic alloys have been widely used for industrial applications. 1 4 Nevertheless, the comparatively lower saturation magnetic flux density (B s ) and much larger magnetostriction ( s ) of amorphous FeSiB alloys hinder the realization of miniaturization, higher efficiency and quietness of electrical machinery and apparatus. 2 5-8 In turn, the much lower B s of nanocrystalline FeCuNbSiB alloy which has near zero s and high effective permeability makes it unsuitable for distribution transformers and electric motors. 4 9-11 Accordingly, increasing efforts from both academic/research and the industrial communities have been devoted to further improve their soft-magnetic properties and expand commercial applications. 2 5 8 9 12 In recent years, a series of high Fe content nanocrystalline * Authors to whom correspondence should be addressed. 2 3 owing to the strong magnetic coupling interaction between the evenly distributed nano-size crystalline grains through the remaining ferromagnetic amorphous phase and the offset of s . 1 15 It is well known that the key point to obtain excellent soft-magnetic properties for these high Fe content nanocrystalline alloys is controlling the crystallization process to form ultrafine structure composed of high density -Fe(Si) nanocrystallites in a residual amorphous matrix and abstain precipitation of hard-magnetic phases like boride and phosphide. 15 16 But for these alloys, coarse -Fe(Si) grains and hard-magnetic phases are prone to crystallize during the processes of ribbons production and heat treatment, owing to the high Fe content exceeding the upper limit of a single amorphous formation and the absence of metallic atoms with big radius which can hinder the move of atoms. 12 17 18 Hence, it is important to understand the crystallization behavior of high Fe content nanocrystalline soft-magnetic alloys.
In this paper, high Fe content Fe 83 3 Si 4 B 12−x P x Cu 0 7 (x = 0-8) nanocrystalline soft-magnetic alloys were chosen. Effects of P addition on crystallization behaviors corresponding to precipitated phases, crystallization kinetics ARTICLE were studied detailed. The solute atom distributions of nanocrystalline alloy exhibiting the best magnetic performance after nanocrystallization was also investigated. The origin of excellent soft-magnetic properties of the FeSiBPCu alloys is discussed.
EXPERIMENTAL PROCEDURE
Multicomponent alloy ingots with the nominal compositions of Fe 83 3 Si 4 B 12−x P x Cu 0 7 (x = 0-8) were prepared by induction melting mixtures of Fe (99.99 mass%), Si (99.99 mass%), B (99.5 mass%), Cu (99.99 mass%), and premelted Fe 3 P (99.9 mass%) in a high purity argon atmosphere. Amorphous ribbons with about 20 m in thickness and approximately 1 mm in width were produced by single-roller melt-spinning method. Thermal properties of amorphous ribbons were evaluated with a differential scanning calorimeter (DSC Netzsch 404 C) at different heating rates under high purity argon flow. The structures of as-quenched and annealed ribbons were identified by using an X-ray diffractometry (XRD). A detailed atom distribution in an annealed specimen was investigated by 3-dimentional atom probe (3DAP) analysis.
RESULTS AND DISCUSSION
As confirmed in the X-ray diffraction patterns, all meltspun ribbon samples used for thermal tests and heat treatment were composed of amorphous microstructure (in XRD scale) without obvious crystallization. All DSC curves measured at a heating rate of 0.67 K/s for meltspun Fe 83 3 Si 4 B 12−x P x Cu 0 7 (x = 0-8) alloy ribbons exhibit two crystallization peaks. Figure 1 shows changes of the onset temperature of first and second crystallization peaks (T x1 and T x2 ) as a function of P content, as well as their temperature interval (T x2 -T x1 ). With increasing P content, T x1 corresponds to the precipitation of -Fe(Si) phase decreases gradually, while the crystallization temperature T x2 of Fe-metalloids compounds increases and Fig. 1 . Changes of the onset temperature of first and second crystallization peaks (T x1 and T x2 ), as well as their temperature interval (T x2 -T x1 ) as a function of P content for DSC curves of the as-quenched ribbons. then gradually decreases. As a result, the T x2 -T x1 increases from 114 C to a maximum value of 141 C for the alloy with x = 4. It has been already reported in the representative nanocrystalline soft magnetic alloys that the amorphous precursor with a large T x2 -T x1 is prone to form single nanocrystalline -Fe(Si) phase without precipitation of any compounds by heat treatment within the temperature region between the two peaks. 19 20 The variation of T x2 reveals the second crystallization behavior changes due to the addition of P.
To study the microstructure evolution at the early stage for the present alloys, ribbon samples were annealed for 120 s at 480 C in a pipe furnace under argon atmosphere and their structures were identified by XRD. As shown in Figure 2 , crystallization peaks of -Fe(Si) phase can be seen clearly for the alloys with P. Besides, the intensity of the peaks increases first and then decreases, with increasing P content. According to previous studies, the precipitation of -Fe(Si) is triggered by the Cu-enriched clusters precipitated during annealing process and/or the primary crystals formed in the ribbon production process. 21 22 Hence, the appropriate addition of P is benefit for the formation of a high density of nucleation sites which are a critical factor for the formation of fine nanocrystalline structure. It is consistent with the previous reports that Fe 83 3 Si 4 B 8 P 4 Cu 0 7 alloy can form ultrafine structure composed of high density -Fe(Si) nanocrystallites and also exhibits excellent soft-magnetic properties. 1 12 15 It has been reported that characterizing chemical compositions in each phase is an effective way for understanding the mechanisms of the nanocrystalline microstructure evolution. Hereafter, the distributions of Fe, Si, B, P and Cu atoms in Fe 83 3 Si 4 B 8 P 4 Cu 0 7 nanocrystalline alloy annealed under optimum annealing conditions 3 were identified to analyze the motion of atoms during crystallization. The melt-spun specimens exhibiting the best magnetic properties were subjected to annealing for 600 s at 480 C with a 
ARTICLE
heating rate of 6.7 K/s in a vacuum atmosphere. According to the three-dimensional elemental maps and concentration depth profile along the selected volume shown in Figure 3 , the overlapped Si-rich and Fe-rich regions corresponding to -Fe(Si) grains with average diameter of about 10 nm illuminate that Si partition into -Fe(Si) phase during crystallization. 23 The interface between -Fe(Si) grains and the amorphous phases is clearly seen from the obvious changes in concentration of Si, B and P atoms. The densities of P and B are higher in the remaining amorphous phase, while they are lower in the -Fe(Si). Thereby, we can conclude that P and B are rejected from -Fe(Si) primary crystals and partitioned into the residual amorphous phase. The addition of P with larger atomic radius than B refines the -Fe(Si) grain size by slowing the atomic rearrangement which is essential for crystallization reaction. The concentration of Cu in the interface is slightly higher than that in the whole sample. Compared with the obvious clustering of Cu atoms in FeSiBNbCu (Finemet) alloy, 21 the less inhomogeneity suggests that Cu clusters are not the key nucleation sites of the -Fe(Si) phase. We can deduce that the main effects of Cu on the formation of high density -Fe(Si) grains were taken in the production process of melt-spun ribbon precursors with short-medium range orders or a nanoscale primary phase. ARTICLE decreases. Besides, with the increase of P content, the peak positions of the Fe 3 (B,P) phase move significantly to lower angle, implying that the lattice parameters enlarges and more B atoms are substituted by P atoms with larger radius. Since Fe 3 (B,P) contains three different elements and its structure is more complex, the second crystallization process requires longer range atom rearrangements of constituent elements and results in the enhancement of thermal stability of the residual glassy phase against crystallization. 24 These results have a good correlation with previously mentioned DSC results where T x2 increase first and decrease with increasing P content.
Since crystallization is a solid state phase transformation controlled by nucleation and growth kinetics, it is important to further understand the reason why the addition of P is benefit for the formation of a high density of -Fe(Si) nanocrystalline grains with fine size. The crystallization kinetics are studied by using the Kissinger method. Plotting ln T x2 / as a function of 1000/T x enables the calculation of activation energy (E x ) from the slope of this plot E x /R and the frequency factor ( ) can be determined from the intercept of this line with the ordinate. 25 P content dependence of E x and for the Fe 83 3 Si 4 B 12−x P x Cu 0 7 (x = 0-8) alloys is shown in Figure 5 . Accordingly, the E x1 for crystallization of -Fe(Si) increases slightly with the increase of P content, while the x1 increases drastically and the x1 for the alloy with x = 4 is two orders larger than that of the P-free alloy. Since the E x is the energy barrier that the crystallization of -Fe(Si) must overcome, the P containing alloys with higher E a have higher ability to hinder the formation of coarse grains during the annealing process leading to a more uniform microstructure.
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x1 is a reflection of collision frequency for the atoms participated in the crystallization process. 26 The P-containing alloys with much higher x1 is beneficial to form high density -Fe(Si) nanocrystalline grains which is consistent with the previous reports. 3 For the crystallization of second phases, it is clear that the P-containing alloy exhibit higher E x2 . The increase of the E x2 further verifies the high Fig. 5 . Changes of the activation energy (E) and frequency factor ( ) as a function of P content. stability of residual amorphous phase and the crystallization resistance of second phases.
In the following, we discuss the reason why P addition has outstanding function on increasing the nuclei density of -Fe(Si), refining nanocrystalline grain size and improving the stability of residual amorphous phase. The improvement of thermal stability of residual amorphous phase can be attributed to the increase of the bonding nature and complexity of second phase. As metalloid element, P has larger negative mixing enthalpy between Fe than Si and B. In addition, P has bigger atomic radius than B. The partial substitution of B by P increases the configurational entropy of the alloys and the crystallization energy. 24 The origin of stimulating of -Fe(Si) formation can be explained from the repulsive and attractive interactions existing between Fe and Cu, and Cu and P atoms. The mixing enthalpy is positive (+13 kJ/mol) between Fe and Cu and negative (−9 kJ/mol) between Cu and P, respectively. 27 According to the 3DAP results in Figure 3 , during the crystallization process, P are rejected from -Fe(Si) primary crystals and partitioned into the residual amorphous phase. Therefore, the addition of P may facilitate the Cu clustering and nanocrystallization. 21 28 
CONCLUSION
In summary, crystallization behavior of high Fe content Fe 83 3 Si 4 B 12−x P x Cu 0 7 (x = 0-8) alloys was studied and the reason why Fe 83 3 Si 4 B 12 P 4 Cu 0 7 alloys exhibited excellent soft-magnetic properties was explored. The primary nanocrystallization was promoted by adding P and the precipitation of -Fe(Si) grains was faster for the P-containing alloys. The kinetics analysis indicated that the P containing alloys have higher nanocrystallization activation energy and frequency factor, this was the reason why more uniform microstructure with high density of -Fe(Si) grains formed. During nanocrystallization, P and B are rejected to the residual amorphous phase, while Si partition in the Fe(Si) phase. The formation of Fe 3 (B,P) with more complex structure makes the second crystallization requires longer range atom rearrangements of constituent elements and results in the enhancement of thermal stability of the residual glassy phase against crystallization. The uniform microstructure with high density -Fe(Si) grains of fine size distributed in amorphous phase is the origin of excellent soft-magnetic properties for Fe 83 3 Si 4 B 12 P 4 Cu 0 7 alloys.
